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Only recently have researchers
discovered that certain fish are
also sensitive to ultrasound. Cod
may be able to detect
echolocating odontocetes at
10–30 metres, and shad may
detect their main predators,
dolphins, at a range of
180 metres. Blueback herring
swim away from echosounders
used to survey them, raising the
possibility that fish may exhibit
negative phonotactic behaviour
in the way that moths do. Some
clupeid fish even show
movements interpreted as
escape manoeuvres when
subjected to ultrasound.
Applications
Echolocation is obviously a
remarkable way of sensing the
world: bats may be able to detect
differences in target range that
require time difference
discriminations of 10–12
nanoseconds, an ability that
some physiologists refuse to
believe is possible. Can humans
learn anything from biosonar?
There are remarkable similarities
between bat calls and signals
developed by engineers working
in the fields of sonar and radar.
Doppler shifts are exploited in
radar speed-traps to measure
velocity, and broadband
echolocation calls have certain
parallels with signals used in
chirp radar. 
Dean Waters, a scientist
working on bat echolocation at
the University of Leeds, recently
helped to develop a walking stick
which emits ultrasonic signals
through four sensors. A small
computer calculates the direction
and relative range of an object,
and sends information to four
vibrating buttons on the handle.
The walking stick is now
marketed as an ‘ultracane’, and
has received excellent reviews
from visually impaired users.
Challenges
Recent advances in portable
devices that can record
ultrasound in the field, combined
with imaging methods such as
multiflash photography have
permitted great advances in
understanding how bats use
echolocation in natural
conditions over the past 15 years
or so. Until recently, our
understanding of cetacean
echolocation was largely
restricted to studies on trained
laboratory animals. 
This imbalance is now
changing because archival tags
that monitor sound, depth and
acceleration can be fitted to
diving cetaceans. In the same
way that simultaneous multiflash
photography and the recording of
echolocation calls allowed a
better understanding of prey
capture behaviour in bats, it is
now possible to understand how
foraging cetaceans are moving
through the ocean in relation to
the sounds they produce. 
Field studies on interactions
between tympanate insects and
echolocating bats have revealed
some remarkable sensory battles
between predator and prey, and
the potential for similar studies in
fish–dolphin interactions is
exciting indeed. Although
ultrasound is well suited for the
detection of small targets such
as insects at night, it attenuates
rapidly in air and is limited in its
range of operation. Bats use
echolocation for orientation very
effectively, though how they
navigate over longer distances is
still unclear, and research into
further sensory abilities — such
as magnetoreception — should
be illuminating.
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Early onset blindness allows one
to investigate how the human
brain adapts to sensory
experience in infancy and early
childhood. Here we report that,
relative to the sighted, early blind
(< 2 years) subjects exhibit gray
and white matter decreases in
early visual areas and the optic
radiation. We observe equally
significant white matter increases
in the sensory-motor system. This
may reflect compensatory
experience-dependent plasticity
in the spared modalities.
Importantly, white matter changes
are strongly predicted by the
onset age of blindness. This
suggests sensory experience
shapes structural brain
organisation during critical early
periods in neurodevelopment.
How do early sensory
experiences shape brain
structure? Early onset blindness
provides a unique opportunity to
investigate the effects of visual
experience on the organisation
and structure of the brain during
development. Visual deprivation
might induce plastic changes, not
only in the visual system, but also
in the remaining intact sensory-
motor system, secondary to
altered experience in these
spared modalities [1]. Previous
neuroimaging studies have
focused on functional
reorganisation following
blindness. Blind subjects recruit
occipital, usually visual, areas
compared to sighted subjects
when they process tactile [2] and
auditory signals [3] or when
working on higher cognitive tasks
[4,5]. This recruitment of regions
that typically respond to visual
stimuli has been attributed to
altered connectivity between pre-
potent visual areas and brain
regions subserving other sensory
modalities [6].
We investigated the effect of
visual experience on the
structural, rather than functional,
organisation of the human brain.
First, we investigated whether
visual deprivation induces
structural reorganisation by
comparing regional gray and
white matter volume in early blind
and sighted subjects. Second, we
investigated whether the degree
of structural plasticity interacts
with neurodevelopment and can
be predicted by the onset age of
blindness.
We combined high-resolution
MRI [7] with voxel-based
morphometry [8], to test for
regional changes in gray and
white matter volume (Figure 1).
We recruited 46 sighted and 11
early blind subjects (blindness
onset < 2 years of age). Gray (or
white) matter images were
entered into a regression analysis
that modelled the group effect
(blind versus sighted) and the
onset age of blindness. Age,
gender and global gray (or white)
matter values were included as
covariates of no interest. Applying
voxel-wise statistics, we tested
for gray (or white) matter volume
that was decreased or increased
in blind relative to sighted
individuals or predicted by the
onset age of blindness (see
Supplemental data for detailed
experimental procedures).
We found that, relative to
sighted controls, early blind
individuals show decreased gray
matter volume in early visual
areas (x = 15 y = –60 z = 21; Z-
score = 4.3; p < 0.05 corrected for
Areas 17/18 [9]). Furthermore,
they show atrophy of the optic
chiasm (x = 3 y = 5 z = –21; Z-
score = 5.0) and optic radiation
(x = 29 y = –66 z = 0; Z-
score = 4.9; x = 38 y = –54 z = 3;
Z-score = 4.9), but increased
white matter tracts (x = 42 y = –17
z = 42; Z-score = 5.4; x = 30
y = –20 z = 41; Z-score = 4.9) that
are associated with the primary
sensory and motor cortices in the
right hemisphere. A subsequent
conjunction analysis over the two
hemispheres [10] confirmed that
the white matter changes in the
optic radiation and the somato-
sensory cortices are expressed
bilaterally in a consistent fashion
(both hemispheres were
significant at an uncorrected level
and jointly significant at a
corrected level).
Collectively, our results
demonstrate that early visual
deprivation alters the structure of
the human brain and induces both
gray and white matter changes
within the visual, somato-sensory
and motor systems. The reduced
gray matter volume in the visual
cortex may reflect changes in
synaptic density, dendritic spine
numbers or axonal arborizations,
which have been described
previously in morphological
studies of visually deprived
animals [11]. The loss of gray
matter was observed primarily in
early visual areas. Previous
functional imaging studies in blind
subjects have shown that non-
visual stimuli elicit consistent
responses in visual association
areas [3,11,12], but fewer
responses in the early visual
cortex [13] The structural integrity
of visual association cortex may
be preserved by functional
incorporation into other systems
via cross-modal connectivity. The
early visual areas may enjoy only
limited crossmodal plasticity and
therefore be more susceptible to
disuse-atrophy. The gray matter
loss in early visual areas is
accompanied by atrophy of the
optic chiasm and the optic
radiation, which is consistent with
post-mortem case reports in
humans [14]. 
Importantly, we also found an
increase in the size of white
matter tracts associated with
primary somatosensory and motor
cortices. This finding suggests
experience-dependent
compensatory plasticity. In the
absence of visual experience,
blind subjects engage more
frequently in tactile exploration of
objects and later Braille reading.
Recent studies have identified
molecular mechanisms mediating
myelination in response to
neuronal activity [15]. Hence, the
enhanced motor activity in blind
subjects may increase the
number, diameter and in particular
myelination of relevant axons.
Although the myelination of the
white matter pathways continues
at least until early adulthood
[16,17], post-mortem studies
show that axon diameter and
myelin sheaths grow markedly in
the first two years of life [18].
Experience-dependent structural
plasticity, particularly of the white
matter, may therefore interact with
neurodevelopmental mechanisms
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Figure 1. Gray and white matter volume differences.
The volume differences are presented: left, on coronal, axial and sagittal slices of a
canonical structural image; and right, on maximum probability maps in Brodmann’s
areas 17/18 [9] and somato-sensory/motor areas. Height threshold: p < 0.001 uncor-
rected. Voxel extent threshold > 100 voxels for illustrational purposes. Red, gray matter;
yellow, white matter; B<S, volume decreased for blind relative to sighted; B>S, volume
increased for blind relative to sighted.
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and be more dominant with early
loss of vision. Indeed, earlier
onset decreased white matter
volume in the optic radiations
bilaterally (x = 32 y = –35 z = 2; Z-
score = 5.1; x = –29 y = –36 z = –2;
Z-score = 5.1). These robust
effects of onset of blindness
(Figure 2) on white matter density
in the first two years of life
suggest that at least some
mechanisms of experience-
dependent structural plasticity
interact with stages of
neurodevelopment and indeed
may be effective in early critical
periods. Diffusion tensor imaging
may allow further characterisation
of neurodevelopmental plasticity
of white matter tracts using
fractional anisotropy and
structural coherence measures.
Growing evidence suggests that
gray matter dynamically adapts to
environmental demands [19]. We
have demonstrated that visual
experience can alter the structural
organisation in both gray and
white matter during early critical
periods of neurodevelopment.
Future studies that include
subjects who lose their eyesight
after 2 years of age will enable us
to further characterize the
emergence and time course of
experience-dependent structural
plasticity during human brain
development.
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Figure 2. Effect of time of onset of blindness. 
Left: regional white matter volume that showed an effect of blindness onset on coronal
and axial slices of a canonical structural image. Height threshold: p < 0.001 uncor-
rected.  Voxel extent threshold > 100 voxels for illustrational purposes. Yellow, white
matter. Right: Scatter plot depicts the correlation between the blind regional (adjusted)
white matter volume and blindness onset (X = 32 Y = –35 Z = 2). The ordinate represents
white matter volume, the abscissa represents blindness onset in months (after mean
correction). Only 10 data points are visible, because two subjects whose eyesight was
affected at birth had nearly identical white matter values.
Z = 5 Y = –35 
X = 32  Y = –35  Z= 2 
L L
Onset of blindness
W
hi
te
 m
at
te
r d
en
sit
y
–15 –10 –5 0 5 10 15
–0.20
–0.15
–0.10
–0.05
0
0.05
0.10
0.15
0.20
Current Biology
